1. Introduction {#sec1-animals-09-00136}
===============

Since feed was identified as one of the major contributors to land occupation, primary production use, acidification, climate change, energy use and water dependence \[[@B1-animals-09-00136]\], there is an urgent demand for more sustainable high-quality feed sources to reduce the environmental costs of aquaculture and livestock production. A transformation of current livestock production towards a more sustainable operation is crucial to face the nutritional challenge as well as meet the sustainable development goals (SDGs) of the UN.

With that being said, livestock production generally requires high-quality protein as feed \[[@B2-animals-09-00136]\]. Soybean, fish meal and animal protein meal are commonly used as protein sources in poultry feed in Egypt. The use of meat protein meals has added constraint to poultry production due to its involvement in the transmission of diseases. Nevertheless, meat is still used in a number of developing countries \[[@B3-animals-09-00136]\], and therefore it is necessary to search for locally available, sustainable, safe and low-cost feedstuffs to replace fish meal and other traditional animal protein sources as well as soybean. Edible insects have been suggested as a potential sustainable alternative source for livestock feed because of their high-value protein, their beneficial nutrient composition and their comparably low environmental impact \[[@B4-animals-09-00136]\]. It is proposed that edible insects can play an important role as a sustainable feed source since they are able to transform and valorize low nutritive products into high-quality feed with limited pressure on global land, water and energy resources. Lepidopteran and Dipteran insects in particular are suggested as an alternative protein source for livestock feed due to their comparably high contents in high quality protein, and also because they can be produced in a short amount of time and can reared at low costs on different side stream-residues \[[@B5-animals-09-00136],[@B6-animals-09-00136]\]. It has been reported that a number of edible insects could be applied in livestock feed. For example, insect species such as the yellow mealworm *Tenebrio molitor* (Coleoptera) and black soldier fly *Hermetia illucens* (Diptera) are applicable as food and feed \[[@B7-animals-09-00136]\]. They are successfully used in aquaculture \[[@B8-animals-09-00136],[@B9-animals-09-00136],[@B10-animals-09-00136],[@B11-animals-09-00136],[@B12-animals-09-00136],[@B13-animals-09-00136]\], and also as an alternative source of protein in poultry feed \[[@B10-animals-09-00136],[@B14-animals-09-00136],[@B15-animals-09-00136],[@B16-animals-09-00136]\].

The African or Egyptian cotton leafworm *Spodoptera littoralis* is a common caterpillar (Lepidoptera: Noctuidae) in Africa and feeds on many different crops and vegetables, while the peach fruit fly *Bactrocera zonata* (Diptera: Tephritidae) feeds on a wide range of fruits and vegetables \[[@B17-animals-09-00136]\]. In this context, these two species could be processed sustainably into feedstuffs using food residues. In general, the late larval stages in Lepidopteran and Dipteran insects are particularly recommended to utilize as feedstuff, since they are easy to collect and harvest, large in size and have high nutrient contents \[[@B18-animals-09-00136],[@B19-animals-09-00136],[@B20-animals-09-00136],[@B21-animals-09-00136],[@B22-animals-09-00136]\]. A major advantage of using insects like *B. zonata* as feed insects is the fact that rearing expertise and mass rearing facilities already exist due to existing insect production for biological insect pest control using sterile insect technique (SIT) in. In the present study, two different insect meals derived from *B. zonata* and *S. littoralis* larvae were compared in Japanese quail diets. The impact of insect-based feed on the productive performance (growth performance and carcass characteristics) and animal welfare (evaluated by the blood traits) of Japanese quail was investigated.

2. Materials and Methods {#sec2-animals-09-00136}
========================

2.1. Animal Ethics {#sec2dot1-animals-09-00136}
------------------

All of the experiments were carried out according to the guidelines of the Institutional Animal Care and Use Committee (IACUC) for animal experiments, which is a member in the Egyptian Network of Research Ethics Committee (ENERC). The scientific and ethics committee of the Biological Application Department, Nuclear Research Center, Egypt, approved all procedures used in this experiment (protocol number 176; date of approval: 23-5-2018).

2.2. Insect Rearing and Harvest {#sec2dot2-animals-09-00136}
-------------------------------

Both the Cotton leafworm *S. littoralis* and the peach fruit fly *B. zonata* were reared and maintained in the insect farm of the Department of Biological Application, Nuclear Research Center (NRC), Egyptian Atomic Energy Authority (EAEA). The adults of *S. littoralis* were fed on sucrose solution (10% *w*/*v)* while the adult diet of *B. zonata* consisted of one part yeast hydrolyzate (enzymatic) and three parts sucrose. The rearing cages of the flies were additionally provided with drinking water. The hatched larvae of *S. littoralis* were reared on castor bean *Ricinus communis* leaves until the last instar (sixth instar) within 13--15 days, while the larvae of *B. zonata* were reared on a semi-artificial diet consisting of 28% wheat bran, 7% yeast, 3% sucrose, 0.28% sodium benzoate, 1.5% HCl and 50.20% water until the last instar (third instar) within seven to eight days. The rearing conditions were 25 ± 2 °C, 60 ± 5% relative humidity (RH), with a photoperiod of 14 L: 10 D hours. The full grown larvae were collected, ground using a blender (3.8 liter) (Hamiliton Beach blender model HBF900S, VA, USA) and then frozen for storage. Frozen, ground larvae of *S. littoralis* and *B. zonata* were oven-dried at 40 °C for 24 h before use in feeding trials and analyses of their chemical compositions were performed.

2.3. Chemical Analyses {#sec2dot3-animals-09-00136}
----------------------

The amino acid profiles of *B. zonata*, *S. littoralis* and soybean meal were analyzed by high-performance liquid chromatography (HPLC) following the method by Alikwe et al. \[[@B23-animals-09-00136]\]. Moreover, carbohydrate content was estimated following the method according to Albalasmeh \[[@B24-animals-09-00136]\]. The total lipids were extracted and purified according to Folch et al. \[[@B25-animals-09-00136]\]. The crude fat contents of the insect meals were analyzed according to Association of Official Analytical Chemists (AOAC) \[[@B26-animals-09-00136]\]. Fatty acid compositions of total lipids were analyzed as described by Knapp \[[@B27-animals-09-00136]\]. A gas chromatograph (hp 6890, Agilent, CA, USA) equipped with innowax-crosslinked polyethylene glycol column 30 m was used for deferential fatty acid analysis. Furthermore, elemental compositions were analyzed by an Energy Dispersive X-ray analyzer (EDX, Jeol, Japan) attached to a scanning electron microscope model HEOL-JSM 4500 (Jeol, Japan). All analyses were performed in triplicates, respectively.

2.4. Feeding Trials {#sec2dot4-animals-09-00136}
-------------------

The impact of replacing 50% of the soy bean meal with *B. zonata* meal and *S. littoralis* meal at a constant protein content on the performance of Japanese quails was investigated in feeding trials in comparison to the control diet. The chicks were maintained at the poultry experimental farm of the Biological Application Department, Nuclear Research Center, EAEA. A total of 360 Japanese quail chicks (180 male, 180 female), seven days old and weighing 22 g on average were randomly allotted three dietary treatments (120 chicks in each group), each consisting of three pens as replicates with 40 chicks (20 female and 20 male) per pen. Three basal diets based on corn--soybean meal were formulated and fed to the Japanese quail experimental groups. Three different sources of protein meal were used: soybean meal was used in the control diet, 50% of the soybean meal was substituted with *B. zonata* meal in diet A and 50% of the soybean protein was substituted with *S. littoralis* meal in diet B ([Table 1](#animals-09-00136-t001){ref-type="table"}). All diets were formulated to meet the nutrient requirements of Japanese quail chicks \[[@B28-animals-09-00136]\]. In order to maintain roughly the same protein content of 22% in all three diets as recommended in the literature \[[@B28-animals-09-00136],[@B29-animals-09-00136]\], additional corn meal and oil were added to the insect diets (A and B). This, as well as the replacement of soybean meal, resulted in \~11% higher energy contents (approx.. 300 kcal/kg) of the insect-containing diets in comparison to the control diet. The three feeding trials were carried out in 45 days. All groups were farmed in electrically heat-controlled batteries: in the first seven days the temperature was controlled at 35 °C, while 28 ± 2 °C was maintained after that until the end of the experiment. RH was 50 ± 5% and photoperiod was 14 L: 10 D hours.

2.5. Growth Performance {#sec2dot5-animals-09-00136}
-----------------------

Body weight gain, feed intake and feed conversion ratio were determined for the overall experimental period (38 days). All measurements were performed on the pen basis using a high precision electronic scale. Moreover, the mortality was monitored daily during the whole experimental period. Furthermore, at the end of an experimental period of 45 days, 10 quails from each feeding group (chosen on the basis of average pen final body weight, five females and five males) per pen were weighed and slaughtered for carcass analysis. Carcass, liver, heart and spleen weights were calculated for each slaughtered bird as well as a relative percentage of live body weight.

2.6. Biochemical and Hormones Analysis {#sec2dot6-animals-09-00136}
--------------------------------------

Blood samples were collected from slaughtered birds and left to clot, then centrifuged at 4000 rpm for 10 min and the resulting serum was stocked at −20 °C for hormonal and chemical analyses. Serum total proteins, total antioxidant, triglyceride, total cholesterol, albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphates (ALP) were determined using commercial kits produced by Stanbio Company, USA using a computerized spectrophotometer (model Milton Roy 1201, Ivyland Road Ivyland, PA, USA). Serum globulin values were calculated by subtracting albumin values from their corresponding total protein values of the same sample. All analyses were performed in triplicates, respectively.

2.7. Statistical Analysis {#sec2dot7-animals-09-00136}
-------------------------

One-way analysis of variance was done using SAS software version 9.1.3 (Sas institute, NC, USA) following the General Linear Model procedure with dietary treatment as fixed effect. Mean values were assessed for significance using multiple range tests \[[@B30-animals-09-00136]\]. The data on the relative weight of carcass and some organs were arcsine transformed, whereas reported means and standard errors (SEs) were derived from the original data.

3. Results and Discussion {#sec3-animals-09-00136}
=========================

3.1. Nutritional Values of B. zonata and S. littoralis {#sec3dot1-animals-09-00136}
------------------------------------------------------

Previous studies on the chemical composition of a variety of insect species showed their high nutritive value \[[@B31-animals-09-00136]\]. For instance, crude protein contents up to 40%--70% (on a dry matter (DM) basis), lipid contents as high as 9%--25% DM, unsaturated to saturated fatty acid ratio up to 5.8--8.2 and crude fiber contents of 0.93%--11% DM were found \[[@B19-animals-09-00136],[@B31-animals-09-00136],[@B32-animals-09-00136],[@B33-animals-09-00136]\]. The present study showed that the nutritional compositions of *B. zonata*, *S. littoralis* and soybean meals differed ([Table 2](#animals-09-00136-t002){ref-type="table"}, [Table 3](#animals-09-00136-t003){ref-type="table"} and [Table 4](#animals-09-00136-t004){ref-type="table"}). The crude protein content of the *B. zonata* meal (58.1% DM) was slightly higher than of the *S. littoralis* meal (51.2% DM) and soybean meal (44.0% DM) as shown in [Table 2](#animals-09-00136-t002){ref-type="table"}. In general, the protein content varied for each insect species from 13% to 70% \[[@B34-animals-09-00136],[@B35-animals-09-00136]\], while Rumpold and Schlüter \[[@B31-animals-09-00136]\] reported that the average protein contents of insects ranged from 35.34% for the order Isoptera (termites) to 61.32% for the order Orthoptera (crickets, grasshoppers, locusts). It can be concluded that the protein content of both insect species investigated is high, with values above 50% (based on dry matter (DM)). The crude lipid content of the *S. littoralis* meal (33.1%) was higher than of the *B. zonata* meal (25.3%), and considerably higher than the soybean meal (1.9%). The carbohydrate and fiber contents of the *B. zonata* and *S. littoralis* meals were comparable with 4.9% and 5.2% carbohydrates and 10.9% and 10.7% fibers, respectively, while the carbohydrate content of the soybean meal was much higher (28.51%), and its fiber content was slightly lower at 7.3%.

It can be concluded that both insect meals contain sufficient amounts of protein in comparison to soy bean meal. The considerably higher lipid contents of both insect meals could require a defattening step of the meals before their use as livestock feed. However, it could also result in a reduction of the addition of supplementary lipids such as corn oil.

3.2. Amino Acid Content {#sec3dot2-animals-09-00136}
-----------------------

In [Table 3](#animals-09-00136-t003){ref-type="table"}, the essential and non-essential amino acid contents of both insect meals and the soybean meal are presented. Roughly similar amino acid spectra were obtained for both insect meals as compared to the soybean meal. Remarkable are the higher methionine contents in the meals of both insect species, and the higher lysine content in the *S. littoralis* meal than in the soybean meal. In diets for Japanese quails and other poultry that are based on corn--soybean meal, methionine is a growth-limiting amino acid that is supplemented \[[@B36-animals-09-00136]\]. Therefore, the higher methionine content of insect meals could result in a decreased supplementation with synthetic DL-methionine.

Furthermore, contents of the essential amino acids proline and histidine were higher in *B. zonata* than in the *S. littoralis* and soybean meals, while the leucine content was higher in *S. littoralis* than in the *B. zonata* and soybean meals. The contents of the non-essential amino acids arginine and glutamic acid were higher in the soybean meal than the two insect meals, while tyrosine and arginine were somewhat higher in the *B. zonata* than in the *S. littoralis* meal. The obtained data are coincident with DeFoliart \[[@B37-animals-09-00136]\] and Makkar \[[@B19-animals-09-00136]\], who stated that the amino acids methionine and cysteine are low in insect proteins. The obtained data revealed that the two tested insects were rich in the amino acids aspartic acid, lysine and proline. This is only partly in accordance with scientific literature where it was reported that phenylalanine, tyrosine, leucine and lysine contents are the highest in Lepidopteran and Dipteran species \[[@B31-animals-09-00136],[@B34-animals-09-00136],[@B38-animals-09-00136]\].

Due to an additional supplementation with lysine and methionine of 0.1% (1 g/kg) in all three experimental diets ([Table 1](#animals-09-00136-t001){ref-type="table"}), respectively, no definite conclusion on the impact of the differing amino acid compositions on growth performance of quail chicks can be drawn. However, since the lysine and methionine requirements of Japanese quail chicks are 1.3% and 0.5% \[[@B28-animals-09-00136]\], respectively, these are significantly higher than the 0.1% supplied by the vit & min premix (see [Table 1](#animals-09-00136-t001){ref-type="table"}), and the protein source has been determined to have an impact.

3.3. Lipid and Fatty Acid Contents {#sec3dot3-animals-09-00136}
----------------------------------

According to van Huis et al. \[[@B5-animals-09-00136]\], insects are a considerable source of fat. This was also true for the two insects species investigated in this study. The obtained data in [Table 2](#animals-09-00136-t002){ref-type="table"} shows that the crude lipid contents of *S. littoralis* (25.3%) and *B. zonata* (33.1%) were not only higher than those detected in the soybean meal (1.9%), as mentioned before, but also higher than values reported for some other species in the insect order Lepidoptera such as *Anaphe recticulata* (10%), *Bombyx mori* (9.5%), *Polyrhachis vicina* (6.0%) \[[@B6-animals-09-00136],[@B39-animals-09-00136]\] and for the Dipteran species *Drosophila melanogaster* (17.9%) and *Eristalis species* (11.8%) \[[@B40-animals-09-00136],[@B41-animals-09-00136]\]. However, they were lower than lipid contents reported by other authors \[[@B41-animals-09-00136],[@B42-animals-09-00136],[@B43-animals-09-00136]\] for Lepidopteran insects such as *Galleria mellonella* (60.0%), *Xyleutes redtembacheri* (48.0%) and *Comadia redtembacheri* (47.9%) , respectively, and some Dipteran insects such as *Copestylum anna* (31.0%) and *Ephydra hians* (41.0%) \[[@B41-animals-09-00136],[@B43-animals-09-00136]\]. Moreover they were comparable to lipid contents obtained by Raksakantong et al. \[[@B44-animals-09-00136]\] for *Bombyx mori* (30.0), by Sirimungkararat et al. \[[@B43-animals-09-00136]\] for *Heliothis zea* (29.0%) (both of the order Lepidoptera) and by Ekpo et al. \[[@B45-animals-09-00136]\] for *Musca domestica* (24%) (Diptera).

Since the lipid content of soybean meal is comparably low and negligible in comparison, its impact as a lipid and fatty acid source is also low. Therefore, the fatty acid composition of corn oil was considered as well. As shown in [Table 4](#animals-09-00136-t004){ref-type="table"}, both insect meals contained both saturated and unsaturated fatty acids. Overall, the saturated fatty acid contents of both insect meals were 3.5 times higher than of the soybean meal and corn oil, whereas the unsaturated fatty acid contents were lower in comparison. The comparatively high amount of saturated fatty acids is typical for animal-derived fat and is in accordance with Rumpold and Schlüter \[[@B31-animals-09-00136]\], who reviewed the average amounts of saturated fatty acids of insect orders from 30% for Hymenoptera to 41% for Isoptera, and unsaturated fatty acids from 15% for Diptera to 39.76% for Lepidoptera and 48% for Hymenoptera. In comparison, both the Lepidopteran *B. zonata* and the Diperan *S. littoralis* in our insect meal samples had high saturated fatty acid contents of 41.45% and 46.18%, respectively. The palmitoleic and oleic acid contents in the *S. littoralis* meal were higher than in the *B. zonata* meal, while the palmitic, tricosylic and lignoceric acid contents were somewhat similar in the two insect meals, and absent in the soybean meal. The detection of tricosylic acid in the insect oils was remarkable, since fatty acids with an uneven number of carbon atoms are seldomly found in nature. Moreover, the linoleic acid content was more than two times higher in the soybean meal and 3.5--4 times higher in corn oil than in the two insect meals. Regarding the much higher lipid content of both insect meals, they did actually contain more linoleic acid than the soybean meal. The *B. zonata* meal contained 3.92% and the *S. littoralis* meal 4.51% linoleic acid, whereas the soybean meal contained only 0.76% linoleic acid. Lipid requirements of Japanese quail feed comprise 1% linoleic acid at the growing stage \[[@B28-animals-09-00136]\], but because corn oil was added as supplementary lipid source in all diets, no conclusions can be drawn on the contribution of the insect meals to the quails´ lipid provisions. Theoretically, 1 kg of quail chick feed would have to contain 255 g *B. zonata* meal or 222 g *S. littoralis* meal in order to provide 10 g (1%) of linoleic acid without additional lipid sources. It can thus be concluded that the insect meal contents in diet A and B were both not high enough to be the sole provider of linoleic acid to meet the quails' requirement. The corn oil supplement could be reduced, however. Furthermore, the data showed that linolenic, stearic and arachidic acids were not detected in the two insect meals, but could be found in the soybean meals.

3.4. Trace Elements {#sec3dot4-animals-09-00136}
-------------------

The elements phosphorous (P), sulphur (S), potassium (K), calcium (Ca), iron (Fe), magnesium (Mg), chlorine (Cl) and zinc (Zn) were found in both the *B. zonata* and *S. littoralis* meals ([Table 5](#animals-09-00136-t005){ref-type="table"}). *B. zonata* also contained silicium (Si), whereas Si, Cl and S were not detected in the soybean meal.

The contents in Ca, Mg and P were higher in the *B. zonata* meal than in the *S. littoralis* and soybean meals. Generally, the Zn content of both insect species was lower, and the Ca content of both insect species was considerably higher than in the soybean meal. The Ca content is especially of interest since, for animal nutrition, Ca plays vital roles in many enzyme-mediated processes like blood clotting and bone building, as well as by virtue of its phosphate salts in neuromuscular function \[[@B47-animals-09-00136]\]. The K content of the *S. littoralis* meal was higher than that recorded for the *B. zonata* and soybean meals, while the Fe, Zn and Mg contents of *S. littoralis* were lower than in *B. zonata*. Furthermore, Mg and S contents were relatively similar in the meals of the two tested insect species.

In literature reviews, a large variation was noticed in the elemental contents of insect orders and species. For example, the grasshopper *Locusta migratoria* contains 8--20 mg iron per 100 g of dry matter, while the caterpillar of the moth *Gonimbrasia belina* contains 31--77 mg per 100 g of dry matter \[[@B48-animals-09-00136],[@B49-animals-09-00136]\]. This was also attributed to different feed compositions \[[@B31-animals-09-00136]\].

The elemental contents in insects could be used as indicators for contaminative environments, and might indicate that insects have resistance to respective heavy metals. Previous studies on the black solider fly indicated that it could uptake and accumulate Cd from contaminated substrates \[[@B20-animals-09-00136],[@B50-animals-09-00136],[@B51-animals-09-00136]\]. For animal nutrition, it is crucial to prevent accumulation of heavy metals of feed insects via feed or other rearing conditions.

In addition, it has to be considered that other ingredients in the experimental diets could contribute to the trace element contents. Examples are the yellow corn meal and the mineral and vitamin premix. It has to be considered that if the composition of the premix should be altered upon substitution of the soybean meal with the two investigated insect meals, respectively, the lower iron content of both insect meals could require a higher iron content in the premix in comparison to the soybean meal.

3.5. Fibers and Carbohydrates {#sec3dot5-animals-09-00136}
-----------------------------

The data presented in [Table 2](#animals-09-00136-t002){ref-type="table"} show that the fiber and carbohydrate contents in the two tested insect species were fairly similar and overall lower than in the soybean meal. The fiber contents of both insect species were much higher than the carbohydrate contents. In comparison, carbohydrate content was higher and fiber content was lower in the soybean meal than in the two insect meals. The common form of insect fiber is insoluble chitin contained mainly in their exoskeletons \[[@B52-animals-09-00136]\]. The amount of fiber in seven different insects species varied from *Locusta migratoria* (27%) to *Gryllus assimilis* (11%) based on dry matter. Chitin could improve the immune response and was considered to possess antibacterial properties towards pathogenic bacteria as well as antiviral properties \[[@B53-animals-09-00136]\]. It was also shown that chitin could function as an antifungal agent \[[@B54-animals-09-00136]\]. Moreover, Khoushab and Yamabhai \[[@B55-animals-09-00136]\] noticed antibacterial properties of chitin effective against bacteria such as *Escherichia coli*, *Vibrio cholerae*, *Shigella dysenteriae* and *Bacteroides fragilis*. The antibacterial mechanism of chitin is based on induced interaction between the positively charged chitin molecules and the negatively charged surface of the bacteria, resulting in leakage due to the cell wall of bacteria \[[@B56-animals-09-00136]\]. Another mechanism includes inducing the accumulation of pathogenesis-related proteins and chitinases for the activation of defense mechanisms in the host organism \[[@B57-animals-09-00136]\]. Since chitin content was not analyzed in this study, it cannot be concluded that the fiber content and chitin content are one and the same. Although the presence of chitin is certain, it is assumed that other fibers are present in insects.

The aforementioned results indicate that both *B. zonata* and *S. littoralis* meals could be considered a valuable source of protein and lipids for feedstuffs, but not of fibers. Moreover, it was hypothesized that the health and (more precisely) the gut health of poultry could be improved via feed containing the fiber chitin. In addition, it was suggested that the addition of antibiotics could be reduced in poultry production due to chitin-containing poultry feed \[[@B54-animals-09-00136],[@B57-animals-09-00136]\].

3.6. Impact of B. zonata and S. littoralis Meal on Growing Performance of Japanese Quail {#sec3dot6-animals-09-00136}
----------------------------------------------------------------------------------------

Results obtained in the feeding trials can be found in [Table 6](#animals-09-00136-t006){ref-type="table"} and [Table 7](#animals-09-00136-t007){ref-type="table"}. The feed conversion ratios of Japanese quail were significantly increased (*p* ≤ 0.05) for diets containing *B. zonata* and *S. littoralis* meals, respectively, as compared with the control diet containing only soybean meal ([Table 6](#animals-09-00136-t006){ref-type="table"}). The highest feed intake and lowest body weight gain were observed for the control diet as compared to the *B. zonata* and *S. littoralis* meals (*p* ≤ 0.05). Moreover, significant differences were observed between the *B. zonata* and *S. littoralis* meals. The final weight was highest and the feed conversion ratio lowest for the *B. zonata* meal.

The reduced feed intake and increased feed conversion ratio could be due to the increased dietary energy levels of the insect-containing diets, as observed by others \[[@B58-animals-09-00136],[@B59-animals-09-00136]\]. On the other hand, Gheisari et al. \[[@B60-animals-09-00136]\] observed that dietary energy levels did not influence the feed conversion ratios of Japanese quails. In our study, the higher dietary level was mostly due to a higher lipid content in the insect-based diets, and it was suggested that feeding on different values of high-fat diet had no impact on growth performance, carcass composition and hormonal level composition \[[@B61-animals-09-00136],[@B62-animals-09-00136]\]. In our study, diet B (with the *S. littoralis* meal) had the highest lipid and caloric energy contents. Nevertheless, the body weight gain and final weight were higher, and the feed conversion ratio lower, for quails fed *B. zonata* meal. Consequently, more research is required on iso-caloric diets and diets with the same lipid contents containing *B. zonata* and *S. littoralis* meals. Furthermore, the chicks remained healthy throughout the study, and no mortality occurred during the experimental period. This response could be due to the nutritional content of insect meal, which is highly nutritive. These results coincide with those observed by other authors \[[@B15-animals-09-00136],[@B32-animals-09-00136],[@B63-animals-09-00136],[@B64-animals-09-00136]\]. In contrast, other studies have indicated that there are no differences between feeding insect meals and conventional meals on the growth performance of poultry birds \[[@B63-animals-09-00136],[@B65-animals-09-00136],[@B66-animals-09-00136],[@B67-animals-09-00136]\]. The percentage of insect feed addition and the replacement of other feed ingredients such as soybean or fish meal with regard to the respective control diet (as well as the individual bird species) has to be considered when comparing these different feeding trials.

The percentages of carcass in the quail birds that were fed on the two tested insect meals were significantly higher than the control ([Table 6](#animals-09-00136-t006){ref-type="table"}). The comparably high weight of carcass could be due to the fact that *B. zonata* and *S. littoralis* meals have a high content of protein, essential amino acid (Lysine, phenyl-alnine, threonine and isoleucine), fat and energy. Meanwhile, the percentages of liver, heart, spleen and bursa were slightly higher for both insect meals compared with the control diet. These findings in the lymphoid organs can be attributed to an increase in the immune system of growing quail chicks. These results coincide with those obtained by Bovera et al. \[[@B4-animals-09-00136]\] and Schiavone et al. \[[@B15-animals-09-00136]\], who showed the highest weight of carcass and lymphoid organs in broilers fed *Tenebrio molitor* larvae meal as a protein source. The obtained results suggest that an inclusion of *B. zonata* and *S. littoralis* larvae meals in quail diets as a replacement for soybean meal improves the feed conversion ratio and promotes the growth of quail chicks.

3.7. Impact of B. zonata and S. littoralis Meals on Certain Hormonal Levels \\ {#sec3dot7-animals-09-00136}
------------------------------------------------------------------------------

As shown in [Table 7](#animals-09-00136-t007){ref-type="table"}, there was an increase in serum total protein by using *B. zonata* and *S. littoralis* meal as compared to the control diet. This increase was higher for *B. zonata* meal than for *S. littoralis*. Moreover, the ratio of albumin to globulin was higher in the control meal than in the *B. zonata* and *S. littoralis* meals. Since total protein, albumen and globulin ratios are generally influenced by total protein intake, total serum protein may be applied as an indirect measurement of dietary protein quality \[[@B23-animals-09-00136]\]. Interestingly, the albumin to globulin ratio was low in the two tested insect meals. Abnormal serum albumin content usually indicates an alteration of normal systemic protein utilization. In addition, a low albumin:globulin ratio indicates better disease resistance and immune response of birds \[[@B4-animals-09-00136]\]. This is in line with other studies of broilers fed on *H. illucens* \[[@B68-animals-09-00136]\], of laying hens on *H. illucens* \[[@B69-animals-09-00136]\] and of Barbary partridges on *T. molitor* \[[@B70-animals-09-00136]\].

As depicted in the same table, the alkaline phosphates (ALP), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities in all experimental groups were relatively similar and in the normal range. These data of liver functions could be important in the diagnosis of diseases as well as in the investigation and thorough assessment of feed, drugs and extracts used in feeding trials. They suggest that the insect-containing diets do not negatively affect the liver function of the quails.

The data presented in [Table 7](#animals-09-00136-t007){ref-type="table"} also shows that the triglyceride and cholesterol thyroxin values of quails fed with the *S. littoralis* and *B. zonata* meals, respectively, were significantly higher than the control. These results were in accordance with Loponte et al. \[[@B68-animals-09-00136]\], who observed high values in the serum of triglycerides and cholesterol in the Barbary partridge fed on *T. molitor*, as well as Duwa et al. \[[@B71-animals-09-00136]\], who observed significant differences in the triglycerides and cholesterol levels in blood of rabbits that were fed on fish meal and maggot meal. Furthermore, it is suggested that higher triglyceride levels might be due to the higher lipid contents of the two insect-containing diets.

4. Conclusions {#sec4-animals-09-00136}
==============

The comparative study of two different insect species, *B. zonata* (Diptera) and *S. littoralis* (Lepidoptera), as a soybean meal replacement in feed for Japanese quail chicks showed that even if the two insects have slightly different nutritional compositions, meals from both insects can successfully replace 50% of soybean meal in the diets of growing quail chicks at a constant protein content of 22%.The feeding trials with insect meals resulted in improved growth, feed performance parameters, carcass characteristics and biochemical indices with regard to the control group fed only soybean meal as a protein source. It is suggested that the increased caloric energy content of the experimental diets containing insect meal might at least partly be responsible for the increased performance of Japanese quails in the feeding trials.

More research is required on the potential to replace soybean meal further (or even completely) with insect meal in the diet of Japanese quail chicks. It was also suggested that a supplementation of synthetic methionine as well as corn oil could be reduced by the use of either *B. zonata* and *S. littoralis* meal.

Furthermore, it needs to be determined whether meals of *S. littoralis* and *B. zonata* reared on food waste have the same capability to replace soybean meal at comparable performances. The transferability of the results obtained on other poultry as well as insect species needs to be investigated.
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animals-09-00136-t001_Table 1

###### 

Ingredients and composition of experimental diets.

  Diet Compositions (g/kg)          Control Diet   Diet A with *Bactrocera zonata* Meal   Diet B with *Spodoptera littoralis* Meal
  --------------------------------- -------------- -------------------------------------- ------------------------------------------
  Yellow corn                       530.0          560.0                                  540.0
  Soybean meal                      400.0          200.0                                  200.0
  Insect meal                       0.0            152.0                                  173.0
  Calcium carbonate                 28.0           28.0                                   28.0
  Corn oil                          18.0           36.0                                   35.0
  Dicalcium phosphate               15.0           15.0                                   15.0
  Sodium chloride                   3.0            3.0                                    3.0
  Min & Vit premix \*               3.0            3.0                                    3.0
  Choline chloride                  1.0            1.0                                    1.0
  L-Lysine                          1.0            1.0                                    1.0
  DL-Methionine                     1.0            1.0                                    1.0
  Analyzed composition (g/100 g)                                                          
  Crude protein                     22.1           22.5                                   22.24
  Crude fiber                       2.82           4.17                                   4.09
  Crude fat                         2.34           6.25                                   7.95
  Gross caloric content (kcal/kg)   2811.5         3111.6                                 3124.5
  Gross caloric content (kJ/kg)     11,763.3       13,018.9                               13,072.9

\* Vitamin and mineral premix provided per kg of premix: vit A, 1200 IU; vitD 1100 IU; vit E, 12 mg; vit B12, 0.02 mg; vit B1, 1 mg; choline chloride, 0.16 mg; copper, 3 mg; iron, 30 mg; manganese, 40 mg; zinc, 45 mg; and selenium, 3 mg.
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###### 

Average nutrient compositions of soybean, *B. zonata* and *S. littoralis* meals in % (based on dry matter).

  ----------------------------------------------------------------------------
  Nutrient        (%) Soybean Meal   (%) *B. zonata*\   (%) *S. littoralis*\
                                     Meal               Meal
  --------------- ------------------ ------------------ ----------------------
  Dry matter      97 ± 0.23          96 ± 0.35          95 ± 0.24

  Total protein   44.0 ± 1.5 ^a^     58.1 ± 0.4 ^b^     51.2 ± 0.3 ^c^

  Total lipid     1.9 ± 0.02 ^a^     25.3 ± 0.08 ^b^    33.1 ± 0.09 ^c^

  Carbohydrates   28.51 ± 0.83 ^a^   4.9 ± 0.02 ^b^     5.2 ± 0.07 ^b^

  Fiber           7.3 ± 0.52 ^a^     10.9 ± 0.04 ^b^    10.7 ± 0.05 ^b^
  ----------------------------------------------------------------------------

Means designated with different letters in the same row are significantly different (*p* ≤ 0.05).
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###### 

Relative amino acid contents in soybean, *B. zonata* and *S. littoralis* meals in %.

  Essential Amino Acids   (%)               Non-Essential Amino Acids   (%)                                                                    
  ----------------------- ----------------- --------------------------- ----------------- --------------- ------------------ ----------------- ------------------
  Leucine                 3.66 ± 0.92 ^a^   2.75 ± 0.01 ^c^             2.85 ± 0.04 ^b^   Aspartic acid   2.13 ± 0.3 ^c^     3.64 ± 0.05 ^a^   3.33 ± 0.06 ^b^
  Lysine                  2.99 ± 0.03 ^a^   2.32 ± 0.05 ^c^             3.55 ± 0.03 ^b^   Arginine        3.49 ± 0.1 ^a^     2.42 ± 0.03 ^b^   1.89 ± 0.002 ^c^
  Proline                 2.12 ± 0.31 ^c^   3.72 ± 0.02 ^b^             2.30 ± 0.08 ^a^   Glutamic acid   7.51 ± 0.23 ^a^    5.49 ± 0.04 ^b^   5.64 ± 0.05 ^b^
  Valine                  2.24 ± 0.67 ^b^   2.09 ± 0.03 ^c^             2.37 ± 0.06 ^a^   Alanine         1.23 ± 0.1 ^c^     2.21 ± 0.08 ^b^   2.73 ± 0.06 ^a^
  Phenylalanine           2.35 ± 0.30 ^a^   2.71 ± 0.04 ^a^             1.86 ± 0.01 ^b^   Tyrosine        1.05 ± 0.04 ^a^    2.28 ± 0.01 ^b^   1.67 ± 0.01 ^c^
  Isoleucine              2.15 ± 0.78 ^a^   1.66 ± 0.02 ^b^             1.80 ± 0.09 ^b^   Glycine         0.56 ± 0.01 ^c^    1.72 ± 0.07 ^b^   1.95 ± 0.03 ^a^
  Threonine               1.89 ± 0.23       1.57 ± 0.01                 1.57 ± 0.03       Serine          1.4 ± 0.02 b       1.64 ± 0.05 ^a^   1.67 ± 0.009 ^a^
  Methionine              0.6 ± 0.69 ^a^    1.14 ± 0.04 ^b^             1.18 ± 0.04 ^b^   Cysteine        0.66 ± 0.075 ^b^   0.5 ± 0.004 ^c^   0.88 ± 0.005 ^a^
  Histidine               1.21 ± 0.02 ^a^   2.31 ± 0.03 ^b^             1.91 ± 0.08 ^c^                                                        

Means designated with different letters in the same row are significantly different (*p* ≤ 0.05). The *p* values were recorded *p* = 0.0000 \*\*\* for all amino acid contents except isoleucine (*p* = 0.0002 \*\*\*) and serine (*p* = 0.0004 \*\*\*).
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###### 

Relative fatty acids contents in the lipids of soybean, *B. zonata* and *S. littoralis* meals as well as of soybean meal in comparison to fatty acid composition of corn oil in %.

  Fatty Acids (%)    C:n     Soybean Meal     *Corn oil* \[[@B46-animals-09-00136]\]   *B. zonata* Meal   *S. littoralis* Meal
  ------------------ ------- ---------------- ---------------------------------------- ------------------ ----------------------
  Palmitic acid      C16:0   9.0 ± 0.4 ^c^    8.99                                     11.35 ± 0.23 ^b^   14.20 ± 0.16 ^a^
  Stearic acid       C18:0   3.0 ± 0.4 ^a^    1.72                                     0.0 ^b^            0.0 ^b^
  Arachidic acid     C20:0   0.7 ± 0.03 ^a^   0.42                                     0.0 ^b^            0.0 ^b^
  Tricosylic acid    C23:0   0.0 ^b^                                                   12.32 ± 0.07 ^a^   12.25 ± 0.44 ^a^
  Lignoceric acid    C24:0   0.0 ^c^                                                   17.78 ± 0.15 ^b^   19.73 ± 0.20 ^a^
  Palmitoleic acid   C16:1   0.0 ^c^                                                   13.64 ± 0.14 ^b^   20.30 ± 0.30 ^a^
  Oleic acid         C18:1   22.3 ± 0.9 ^a^   26.9                                     12.42 ± 0.43 ^c^   19.85 ± 0.12 ^b^
  Linoleic acid      C18:2   40.0 ± 2.3 ^a^   54.3                                     15.49 ± 0.06 ^b^   13.64 ± 0.14 ^c^
  Linolenic acid     C18:3   6.0 ± 1.1        0.99                                     0.0                0.0
  SFA                        12.7             11.13                                    41.45              46.18
  UFA                        68.3             82.19                                    41.55              53.79

Means designated with a different letter in the same row are significantly different (*p* ≤ 0.05). SFA: saturated fatty acids; UFA: unsaturated fatty acids. The *p* values were recorded *p* = 0.0000 \*\*\* for the fatty acid contents of the three protein meals. The fatty acid spectrum of corn oil was derived from the literature.
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###### 

Trace element contents detected in soybean, *B. zonata* and *S. littoralis* meals in %.

  Elements (%)      Soybean Meal      *B. zonata* Meal   *S. littoralis* Meal
  ----------------- ----------------- ------------------ ----------------------
  Calcium (Ca)      1.03 ± 0.02 ^c^   4.79 ± 0.11 ^a^    3.42 ± 0.08 ^b^
  Potassium (K)     2.24 ± 0.05 ^c^   4.67 ± 0.12 ^b^    6.26 ± 0.13 ^a^
  Iron (Fe)         1.92 ± 0.02 ^b^   0.87 ± 0.02 ^c^    1.31 ± 0.01 ^a^
  Zinc (Zn)         3.12 ± 0.05 ^a^   2.6 ± 0.05 ^b^     1.5 ± 0.02 ^c^
  Magnesium (Mg)    1.2 ± 0.03 ^c^    9.15 ± 0.12 ^a^    2.81 ± 0.03 ^b^
  Phosphorous (P)   0.41 ± 0.01 ^c^   8.80 ± 0.14 ^a^    2.3 ± 0.05 ^b^
  Sulphur (S)       0.0 ^c^           0.94 ± 0.04 ^a^    0.67 ± 0.01 ^b^
  Chlorine (Cl)     0.0 ^c^           0.84 ± 0.02 ^a^    0.78 ± 0.02 ^b^

Means designated with the different letters in the same row are significantly different (*p* ≤ 0.05). The *p* values were recorded as *p* = 0.0000 \*\*\* for all trace element contents.
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###### 

Average live body weight, feed intake and relative weight (%) of carcass and selected organs in Japanese quails along the trial, depending on the diet.

  Feed Performance (Mean ± SE)                               Soybean Meal      *B. zonata* Meal   *S. littoralis* Meal   MSE     *p*-Value
  ---------------------------------------------------------- ----------------- ------------------ ---------------------- ------- ------------
  Initial weight (g) (at day 7)                              22.7 ± 0.5        22.1 ± 0.4         22.5 ± 0.5             0.222   0.46
  Final weight (g) (38 days; at day 45)                      195.1 ± 1.4 ^c^   208.5 ± 1.5 ^a^    203.1 ± 1.5 ^b^        0.389   0.0 \*\*\*
  Body weight gain (g/day) (7--45 days)                      4.5 ± 0.5         4.9 ± 0.4          4.7 ± 0.8              0.033   0.094
  Feed intake (g/day) (7--45 days)                           10.1 ± 0.7 ^a^    9.0 ± 0.3 ^b^      9.3 ± 0.5 ^b^          0.051   0.003
  Feed conversion ratio (feed intake: body weight gain)      2.2 ± 0.02 ^a^    1.8 ± 0.01 ^b^     2.0 ± 0.02 ^b^         0.014   0.011
  Relative weight (%) of carcass and selected organs (±SE)                                                                       
  Carcass                                                    68.5 ± 0.3 ^b^    73.1 ± 0.2 ^a^     72.8 ± 0.3 ^a^         0.047   0.0 \*\*\*
  Liver                                                      2.67 ± 0.4        2.93 ± 0.01        2.86 ± 0.04            0.003   0.0028
  Heart                                                      0.69 ± 0.51       0.71 ± 0.05        0.70 ± 0.03            1.67    0.244
  Spleen                                                     0.1 ± 0.01        0.15 ± 0.01        0.14 ± 0.01            7.78    0.007

Means designated with different letters in the same row are significantly different (*p* ≤ 0.05). SE: standard error of the three replicates, respectively; MSE: mean squared error.
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###### 

Blood profile and hormonal level of Japanese quails at 45 days of age after feeding trials with three different diets.

  Parameters                  Soybean Meal      *B. zonata* Meal   *S. littoralis* Meal   MSE     *p* Value
  --------------------------- ----------------- ------------------ ---------------------- ------- ------------
  Total protein (g/dL)        3.4 ± 0.05        3.8 ± 0.03         3.7 ± 0.5              0.002   0.0 \*\*\*
  Albumin (g/dL)              1.65 ± 0.01 ^a^   1.42 ± 0.02 ^b^    1.37 ± 0.01 ^c^        1.0     0.0 \*\*\*
  Globulin (g/dL)             1.75 ± 0.02 ^a^   1.65 ± 0.03 ^b^    1.50 ± 0.01 ^c^        3.2     0.0 \*\*\*
  Albumin:globulin ratio      1.1 ± 0.01 ^b^    0.86 ± 0.01^a^     0.91 ± 0.02 ^a^        0.024   0.0046
  Total antioxidants (mM/L)   1.6 ± 0.01        1.4 ± 0.01         1.1 ± 0.01             0.041   0.196
  ALP (IU/L)                  84.4 ± 2.2        86.4 ± 3.2         82.111.9               5.157   0.1527
  ALT (U/mL)                  38.7 ± 1.1 ^a^    37.4 ± 0.7 ^a^     34.63 ± 0.9 ^b^        0.777   0.0038
  AST (U/mL)                  33.8 ± 0.5        34.0 ± 0.8         33.70 ± 0.4            0.218   0.6815
  Triglyceride (mg/dL)        178.7 ± 2.3 ^b^   189.8 ± 3.2 ^a^    193.4 ± 2.5 ^a^        6.358   0.0009
  Cholesterol (mg/dL)         190.3 ± 3.2 ^a^   200.5 ± 2.1 ^b^    209.1 ± 2.9 ^c^        6.533   0.0003

Means designated with different letters in the same row are significantly different (*p* ≤ 0.05). SE: standard error of the respective three replicates, respectively; MSE: mean squared error; ALP: alkaline phosphates activity; ALT: alanine aminotransferase activity; AST: aspartate aminotransferase activity.
